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Abstract 

The structural evolution of epitaxial mono-oriented (i.e. with the c-axis perpendicular to the interface) 
ferroelectric Pb(Zro.2,Tio.8)03 thin film has been investigated, using high-resolution, temperature dependent, 
X-ray diffraction. The full set of lattice parameters was obtained, it allowed to estimate the variation of 
the polarization as a function of temperature, underlying the difi"erence between the polarization-induced 
tetragonality and the elastic one. The temperature evolution of the misfit strain has been calculated and 
found to be in good agreement with the theoretical temperature-misfit strain phase diagram. 
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Ferroelectric materials such as Pb(Zri_vTi;c)03 (PZT 1-x/x) solid solutions are widely 
investigatedjll [s], Q] due to their various applications such as sensors or actuators in micro- 
electromechanical systems (MEMS)or non volatile random access memories in storage devices. 
Stress is a very significant factor] Smivl afl'ecting their physical properties because of the strain- 
polarization coupling. Moreover, stress imposed on epitaxial PZT thin films contributes also to 
the drastic modification of its properties compared to its bulk form: the phase transition tempera- 
ture, the phase sequence, the order of the transition may be altered. Intrinsic parameters such as 
the difference in lattice parameters between the bulk and the substrate, the difference in thermal 
properties, the spontaneous strain associated with the phase transition(s) as well as extrinsic pa- 
rameters such as interface/surface and defects (oxygen vacancies and dislocations) contribute to 
the final strain state of the film. 

However, there is only few experimental data sets showing these phase transition modifications, 
because of the need for high-quality mono-oriented (i.e. with the c axis of the film perpendicular to 
the interface) thin films and temperature-dependent structural characterization. Transition temper- 
atures of ferroelectric thin films only have been compared to the one predicted by the theoretical 
temperature-misfit strain phase diagram[|8l |9L 

In this paper, we have performed X-ray diffraction measurements to follow the temperature 
evolution of both in- and out-of-plane lattice parameters from room temperature up to 800K of 



mono-oriented epitaxial PZT 20/80 thin film. The temperature evolution of the strain is then 
obtained and compared to the calculated temperature-misfit strain phase diagram [fnl . In addition, 
the temperature evolution of the polarization has been calculated and gives a transition temperature 
in good agreement with the phase diagram [|l7|] . 

100 nm thick PZT 20/80 thin film has been deposited by pulsed-laser deposition with a KrF ex- 
cimer laser {A=24S nm) on [001] -oriented single-crystal SrTiOs substrate . The film was deposited 
under 0.2 mbar O2 with a laser repetition rate of 2 Hz at a fixed fluence of 1.6 J/cm^. Ceramic 
Pbi.i(Zro.2Tio.8)03 target was used to deposit the lOOnm film at a temperature of the substrate of 
850 K. The excellent crystalline quality of the film (the rocking curve's FWHM for the (004) peak 
is equal to the one of the substrate) allows the determination of the thickness through finite size 
oscillations (not shown here). 

Lattice parameters determination was carried out on a high-precision diffractometer using Cu- 
Ky3 wavelength issued from a 18 kW rotating anode generator. The out-of-plane parameter (cy ) was 
determined from (001)/=2,3,4 Bragg reflections to improve accuracy and to correct any misalignment 
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of the sample. In-plane lattice parameters (ay ) were determined from (204) and (024) reflections to 
improve accuracy assuming the in-plane lattice axis is perpendicular to the out-of-plane one. The 
in-plane lattice parameters have been found to be equal and perpendicular, implying a tetragonal 
structure from room temperature up to 800 K. The composition of the PZT film has been deter- 
mined through volume calculation yj] and found to be PZT 22/78. Fig.© shows the temperature 
evolution of the lattice parameters of the PZT 20/80 film, the ones from both the target used for the 
deposition and the SrTiOs substrate. The film was found to be mono-oriented (100% c-domains), 
for every temperature monitored and no phase transition was evidenced, which suggests that the 
film adopts a tetragonal symmetry during deposition. This structure is in agreement with the 



one predicted by Alpay's domain stability map lll8h (so-called "monodomain c") The temperature 



misfit strain phase diagram calculated by Pertsev et al. 111711 is therefore appropriate to describe our 
film as the latter is monodomain, [001] -oriented and deposited on a [001] -oriented cubic substrate. 

It is worth noting that the temperature dependence of the in-plane parameter of the film is 
parallel to the one of the substrate. Combined with a/>av, it indicates that the film is strongly 
clamped on an effective substrate jiol which reflects the dislocation-modified parameter of the 
substrate (a^ *). These misfit dislocations lie at the interface between the PZT film and the substrate, 
releasing partially the elastic energy induced by the mismatch at the deposition temperature (T^). 
The corresponding deposition strain €^{Td) describes the strain state of the film at this temperature: 

= -^^-^TfY^, with a^iTci) the pseudocubic bulk lattice constant at T,/. e'' is negative and the 
equivalent stress cr'' = -^e'' is equal to -1.4 GPa, with Y the Young modulus and v the Poisson 



ratio [|26|]. This deposition stress is of the same order of magnitude than for PbTiOs film deposited 



on SrTiOafllOO. In the case of a coherent epitaxy, we would have a/=a.v and = -hr^, 

therefore the fraction of the energy released by misfit dislocations is equal to / ^coherent ~66%. 

This description is based on the hypothesis that the film can be considered as an elastic 
solid which is verified as the relative volume variation is equal to the trace of the strain tensor 
(AV/V = tr{e) = 26//-i-6x = 0.35%). Within this framework, the Poissons' coefficient may be deter- 
mined from the mechanical in plane (6//=(a/-afo)/afo) and out-of-plane (e±=(Cf-Cb)/Ch) strains. With 
a/=3.966 A, and c/=4.131 A, Eq.Q gives v = 0.36 for every temperature up to 800 K. 

f± = = -2-; 6// (1) 

Moreover, one of the hypothesis used in the calculation of the misfit-strain phase diagram is that 
all the dislocations are created during deposition. Our experimental data support this hypothesis. 



Indeed, as mentioned above, the in-plane lattice parameter of the PZT film is driven in temperature 



e to calculate the linear dislocation density, p, for 



by an effective substrate. It is therefore possib 
dislocations lying at the interface, using Eg. (12)) [12 ill in the compressive case, |b| being the modulus 
of the Burger's vector : 

a:(r) = a,(r)(l-p|b|) (2) 

As the temperature evolution of a/(T)(=a*(T)) and aXT) are parallel, p(T) is constant and equal 
to 0.4(+0.1)-10^cm"^. This is in good agreement with the density calculated at from Eq.(13) 
in [I2I] p=0.5(+0.1)-10^cm~\ confirming the hypothesis that dislocations are created only during 
deposition. 

In order to compare our experimental data with the temperature-misfit strain phase diagram, 
we have to calculate the misfit strain (S™) at every temperature. The misfit strain is the sum of the 
deposition strain arising at T^, which was found to be equal to -7.2-10"^, and of the thermal strain. 

Between T^ and room temperature (RT) a thermal strain (e''^) arises because of the diff'erence 
in thermal properties between bulk PZT 20/80 and the substrate : 

e"\T) = ^-^^ (a ART) • a, - al{RT) ■ at) (3) 

with as and at the thermal expansion coefficient of the substrate and bulk PZT 20/80 respectively. 
This strain is compressive (-48 MPa) and much smaller than the deposition stress. 

We can, now, calculate the misfit strain at each temperature and plot these points on the 



temperature-misfit strain phase diagram proposed by [|l7h . This evolution is reported on Fig.©. 
S'"(T)=€^ {Td)+e''' (T) is continuous and linear, coherently with the linear evolution of a/(T) and 
a°(T). As e''' and e'' are negative, |S'"| increases when temperature decreases. The predicted and 
observed monodomain c structures (or "c phases") are in agreement. In addition, this evolution 
confirms the absence of phase transition, which implies that the film remains ferroelectric up to 
800 K. Our data do not allow a direct determination of T^'''", however a linear extrapolation on 
Fig.© gives T^'''"~910±20 K. This is consistent with recent PFM measurements on a 50-nm PZT 



20/80 film by Paruch and Triscone ll22ll 



Furthermore, it is possible to suggest a maximum temperature of the tetragonal phase (which 
is not necessarily ferroelectric in a thin film) from the temperature evolution of the c/a ratio 
(see Fig.©). This temperature, at which c/a=l, is around 1400 K, higher than T^/. The equiv- 
alent polarization can be determined from the relation c/a-l=Q.P^ where Q is the electrostric- 
tive coefficient. Morioka et al. have calculated Q=0.049 mVC^ for 50-nm PZT thin films 



(with 0.13<Zr/(Zr+Ti)<0.65) deposited on SrTiOs with SrRuOs electrodes [|23|]. With this value 
Ps =90 uC/cm^ in our film, which is higher than the values previously measured on tetragonal PZT 



films M 



25h . This discrepancy comes from the fact that we have considered that the measured 



tetragonality was entirely due to the ferroelectricity, whereas our film is already strained at T^. 
Hence, the measured c/a has to be decomposed in two parts, a purely elastic one where the strain 
and polarization are decoupled and a ferroelectric one where strain and polarization are coupled. 
Therefore c/a can be written as c/a(P)=c/a(P=0)+QrP^ where c/a(P=0) and a corresponds, respec- 
tively, to the pure elastic strain contribution and an electrostrictive coefficient linking the strain to 
the polarization. 

The elastic tetragonality can be approximated considering that the tetragonality is purely elas- 
tic at Trf (i.e. we neglect the ferroelectric strain). This elastic tetragonality has to be subtracted 
to the measured (total) tetragonality in the calculation of the polarization (see Fig.©). At room 
temperature, the polarization determined in this way is 70 /zC/cm^, which is in much better agree- 
ment with previously reported values and its becomes nil at ~980 K, close to the T^'"" determined 
separately from the temperature-misfit strain phase diagram. 

In conclusion we have deposited a mono-oriented 100-nm PZT 20/80 film on SrTiOs by PLD. 
The determination of the temperature evolution of the lattice parameters of the film allowed to 
estimate the different strain components as well as to point out that the measured tetragonality was 
composed of a purely elastic part and a ferroelectric one. This leads in our film to a P.v=70 /iC/cm^ 
at room temperature and showed the strain-polarization decoupling. Our experimental data and 
the theoretical misfit strain-temperature phase diagram are in very good agreement and suggest 
that the T^''"' is shifted ~150 K higher than in the bulk. 
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FIG. 1: Lattice parameters of PZT 20/80: bulk (o) and thin film (out- ▲ and in-plane, a T and b t) deposited 
on SrTi03 (♦) 



FIG. 2: Misfit strain (S"') as a function of temperature for our PZT 20/80 film on SrTiOs superimposed 
on the misfit-temperature phase diagram calculated by Pertsev et al AVm . The dotted line is a guide for the 
eyes. 



FIG. 3: Temperature evolutions of the tetragonality (measured ▲ and inferred purely ferroelectric ■) and 
polarization (calculated •). The dotted lines represent the fits. The full line indicates the value of the purely 
elastic tetragonality. 
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